Background/Aims: Adiponectin (Apn) has shown anti-diabetic and anti-inflammatory potential. In the study, we studied and tested the protective effects of Apn against diabetic renal injury and the possible mechanism of these effects. Methods: After 1 week of adaptive feeding, 30 mice were randomly divided into 5 groups: the control group, the model group, the Apn (L) group, the Apn (M) group and the Apn (H) group. All mice were marked and weighed. Following 4 weeks of a pro-diabetic high-fat diet, the model group and Apn groups were injected intraperitoneally with a high dose of STZ (85 mg/kg), while the normal control group was injected with sodium citrate. Fasting blood glucose was measured daily, starting 3 days after STZ injection. After confirming the success of the diabetic model by measuring blood glucose of more than 16.7 nM for 3 successive days, we observed the animal models for an additional 4 weeks. After body weights were measured, urinary albumin, urinary protein, SOD activity and malondialdehyde (MDA) were measured by ELISA, BCA and biochemical assay respectively . Moreover, plasma insulin was assayed by radioimmunoassay, insulin expression in pancreatic β cells was assayed by immunohistochemistry and receptor for advanced glycation end products (RAGE) and corresponding PKC and PKA signaling in the kidney cortex were also assayed by Western blot and Real-time PCR. Results: The results showed that Apn can significantly reduce MDA and enhance SOD activity. Moreover, Apn promoted the synthesis and secretion of insulin by islet β-cells and reduced RAGE accumulation in the kidney, which was associated with down-regulated PKC expression and upregulated PKA expression. Conclusion: Apn has protective effects against hyperglycemia and can effectively enhance antioxidation, promote the secretion of insulin and reduce the accumulation of glycosylated products in T2DM mice; these effects were associated with inhibition of PKC and promotion of PKA signaling.
Introduction
Diabetes mellitus (DM) was one of the first diseases to be documented, having been recorded in an Egyptian manuscript 3000 years ago. It is a chronic lifelong disease characterized by hyperglycemia resulting from defects in insulin secretion, insulin action, or both [1] . DM is divided into type 1 and type 2 DM (T2DM). T2DM, which occurs mostly in middle-aged and elderly persons, is the most common form of diabetes and is characterized by disorders of insulin action and insulin secretion, either of which may be the predominant feature [2] . The specific reasons for the development of these abnormalities are not yet known. However, it may be associated with genetic factors, endocrine dysfunction, metabolic disturbance, immune function disorder, microbial infection, toxins, mental factors, or other risks [3, 4] . Diabetic kidney injury is a severe complication induced by DM, involving injuries to various cell types in the kidney [5, 6] . Recent evidence shows that glucose-dependent advanced glycation end products (AGEs) play key roles in the pathogenesis of renal injury [7] . Increased accumulation of AGEs promotes protein kinase C (PKC), suppresses protein kinase A (PKA) and activates the oxidative stress response [8] . PKC inhibitors or PKA agonists may alleviate the injury by inhibiting enhanced oxidative responses [9] .
Adiponectin (Apn), an endogenous biologically active polypeptide or protein secreted by adipocytes, is an insulin-sensitizing hormone and improves insulin resistance in mice, as well as arteriosclerosis [10] . In human studies, expression levels of Apn were able to predict T2DM and coronary heart disease, and in clinical trials Apn showed anti-diabetes, antiatherosclerosis and anti-cancer potential [11] [12] [13] . The Apn gene, located at 3p27, encodes a special collagenous protein consisting of 244 amino acids. It exists as oligomers including trimers (low molecular weight -LMW), hexamers (medium molecular weight -MMW) and a 42-kDa high-molecular-weight (HMW) complex, and the activity of HMW Apn is stronger than that of the LMW and MMW forms [14] . Kondo et al. identified a predisposing site for T2DM and metabolic syndrome at the locus of the Apn gene through extensive genome scans. They analyzed mutations in the Apn gene and identified four missense mutations in the globular region of the Apn gene, which were significantly more frequent in patients with T2DM than in controls. Moreover, the plasma Apn concentration decreased if mutations occurred, and all the mutations were associated with characteristics of metabolic syndrome, including hypertension, hyperlipidemia, diabetes and arteriosclerosis [15] . Further, Weyer verified that obesity and T2DM were associated with low plasma Apn concentrations in different ethnic populations, suggesting that Apn has a certain amount of value in the treatment of insulin resistance-related metabolic syndrome and T2DM [16] . In vitro experiments have shown that physiological concentrations (15 ~ 25 mg /L) of Apn can inhibit the expression of vascular cell adhesion molecule 1 (VCAM-1), E-selectin, intercellular adhesion molecule 1 (ICAM-1) induced by tumor necrosis factor α (TNFα) in a dose-dependent manner [17] . In cultured smooth muscle cells, Apn can reduce DNA synthesis induced by platelet-derived growth factor (PDGF), heparin-binding epidermal growth factor-like growth factor (HB-EGF), basic fibroblast growth factor (bFGF), epidermal growth factor (EGF), thus reducing cell proliferation and migration [18] . In cultured endothelial cells, Apn reduces HB-EGF mRNA expression induced by TNFα [19] . These results suggest that Apn may have protective effects against T2DM-related kidney injury.
To understand the effects of Apn on diabetic kidney injury, we assessed the protective effects of glycosylated Apn on diabetes-related renal injury from sugar metabolism, oxidative stress, insulin secretion, AGE accumulation, and corresponding signaling. University. All mice were specific pathogen free and weighed 20-22 g. After 1 week of adaptive feeding, 30 mice were randomly divided into a control group, a model group and three Apn groups and were marked and weighed. Globular Apn (low, 10 mg/kg; medium, 25 mg/kg; or high concentration, 100 mg/kg) was purchased from Prospect Israel (Cat. number: CYT-432) and administered intravenously. Diabetic models were developed by feeding the mice a pro-diabetic high-fat diet for 4 weeks, while the normal control group continued to receive a regular diet. The pro-diabetic high-fat diet consisted of 86.8% standard laboratory chow, 3% cholesterol, 0.2% propyl thiouracil, and 10% lard. Following 4 weeks of dietary intervention, the model group and Apn groups were injected intraperitoneally with a high dose of STZ (Sigma-Aldrich, Darmstadt, Germany; 85 mg/kg, dissolved in 0.1 M sodium citrate buffer, pH 4.5), while the normal control mice were injected with sodium citrate buffer at 1 ml/kg. After 3 days of injection, fasting blood glucose was measured daily to verify the successful generation of the diabetic model. The model was considered successful when blood glucose increased to more than 16.7 nM for 3 successive days. Urine was collected for 24 hours for testing. Urinary albumin was measured by ELISA (Cat. Number: M-02404, my biotechnology, Shanghai, China), and urinary protein by a BCA assay (Beyotime, Shanghai, China). Renal injury was considered verified when urinary protein increased more than 3-fold and urinary albumin increased by 50-fold compared with the control. Then, the diabetic animals were fed with a regular diet for 4 consecutive weeks.
Materials and Methods

Animals and treatment
Measurement of fasting blood glucose and plasma insulin; collection of blood and tissue samples
All mice were weighed once a week, starting before treatment and continuing throughout the experimental period. Fasting blood glucose was measured with an OneTouch automatic glucose analyzer between 8:30 am and 9:30 am using from the tail vein. For additional biochemical analysis, blood was extracted from the eyes and then centrifuged (3500 rpm at 4°C for 10 min) to obtain serum. A 1:10 dilution of serum was assayed for insulin content using a radioimmunoassay (RIA) kit (Millipore, Shanghai, China) following the manufacturer's instructions. The serum SOD and MDA levels were examined with an ultraviolet spectrophotometer. The mice were dissected, and the kidneys were removed and homogenized. SOD activity and MDA content were measured in the kidney homogenate.
The expression of insulin in mouse pancreatic β cells
Islets from the mice were placed in 10% formalin solution for 48 h, then embedded in paraffin and sectioned. The expression of insulin was detected by immunohistochemical staining with a rabbit antimouse insulin antibody (Cat. number: ab63820; Abcam, MA, USA) and HRP-conjugated goat anti-rabbit IgG (Boster, Wuhan, China).
Western blot
Total protein was extracted from the kidney cortex by lysing the cells in RIPA buffer on ice for 30 min (Dingguo, Beijing, China), and equal amounts (50 μg) of total protein were separated by 12% SDS-PAGE and transferred onto a PVDF membrane (Dingguo, Beijing, China). The PVDF membrane was blocked with 5% skim milk containing 0.1% TWEEN 20 and incubated with rabbit polyclonal antibodies against RAGE (Cat. number: ab30381; Abcam, MA, USA), anti-PKCβII (Cat. number: ab32026; Abcam, MA, USA), anti-PKA (Cat. number: ab75991; Abcam, MA, USA) and anti-β-actin (Cat. number: ab8227; Abcam, MA, USA). Then, HRP-conjugated secondary antibody was added and enhanced chemiluminescence (ECL) reagent (Dingguo, Beijing, China) was used for detection.
Real-time polymerase chain reaction
Total RNA from isolated kidney cortex was extracted with RNeasy Mini Kits (Qiagen, Shanghai, China). Then, 2 μg of total RNA was used to synthesize first-strand cDNA with AMV reverse transcriptase (Thermo Fisher Scientific Co., Shanghai, China). Real-time fluorescent quantitative PCR was performed with a SYBR Green PCR kit (Thermo Fisher Scientific Co., Shanghai, China) on an Applied Biosystems 7300 Real-Time PCR System (Life Technologies Corporation, CA, USA). The following primers were used in the study: 5'-CCCTCGCCTGTTAGTTGC-3' and 5'-CTGGGTGCTGGTTCTTGC-3' (RAGE); 5'-ACGAGAAGCCAGCAAACT-3' and 5'-AAGCGAGACACCTCCAAC-3' (PKCβ); 5'-GAAAGACCTCACGCAGTT-3' and 5'-GGGAGGAGAAAGATAGCC-3' (PKA). In addition, β-actin was used as an internal control for normalizing mRNA expression [20] . 
Statistical analysis
Experimental data was analyzed with the SPSS 17.0 package. The results were presented as the mean ± standard deviation (SD). We performed one-factor analysis of variance. The differences between the control group and each experimental group were assessed by t-test. A probability level of less than 0.05 or 0.01 was considered significant.
Results
Effect of Apn on the sugar metabolism and kidney function of T2DM mice
The body weights of experimental mice each week after the successful generation of the diabetes model are listed in Fig. 1A , and there were no significant differences in body weight among groups at any of the measured time points. Fig. 1B shows the fasting blood glucose levels of the T2DM mice. Compared with the control group, the model group had higher fasting blood glucose levels throughout the experiment (P<0.01). Compared with the model group, fasting blood glucose levels in the Apn (L) group were significantly reduced starting at the end of the third week, and those in the Apn (M) and Apn (H) groups were obviously reduced starting at the end of the first week (P < 0.01), indicating that Apn has a hypoglycemic effect. Fig. 1C shows that the urinary albumin of the mice in the model group was significantly higher than that of the mice in the control group (P <0.01), while the Apn groups showed significantly lower urinary albumin than the model group starting the end of the second week (P <0.01). Fig. 1D shows that the urinary protein level of the mice in the model group was significantly higher than that of the mice in the control group (P <0.01), while the Apn groups showed significantly decreased urinary protein compared with the model group (P <0.01) from the end of the second week onward. Figures 2 A and B show that at the end of the experiment, serum SOD and kidney homogenate SOD were lower in the model group than in the control group (P <0.05) and that serum MDA and kidney homogenate MDA were higher in the model group than in the control group, while the Apn groups showed significantly increased serum and kidney homogenate SOD and decreased serum and kidney homogenate MDA compared with the model group (P <0.05), indicating that Apn had antioxidant activity in T2DM mice. Fig. 3 A shows insulin secretion from the pancreas. The results showed that the diabetic model group had fewer islet β-cells than the control group and those β-cells synthesized and secreted less insulin. Apn increased the number of islet β-cells and the synthesis and secretion of insulin, indicating that Apn can significantly increase resistance to pancreatic β-cell injury and apoptosis in T2DM and promote the recovery, development and growth of those cells. Fig. 3 B shows the insulin content of plasma. The results also showed that Apn elevated the synthesis and secretion of insulin compared with the model group.
Effects of Apn on the antioxidant activities of T2DM mice
Effects of Apn on the insulin secretion of T2DM mice
Effects of Apn on RAGE, PKC and PKA expression
Hyperglycemia leads to the activation of RAGE, triggers PKC signaling, and inhibits PKA signaling. The Western blot results (Fig. 4A) showed that, compared with normal controls, 
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Cellular Physiology and Biochemistry glomerular RAGE and PKC expression in T2D mice was significantly increased, whereas PKA expression was significantly decreased. Apn reduced RAGE activation in the kidney, downregulated PKC expression, and upregulated PKA expression in T2D mice. Similar results were also found by real-time PCR (Fig. 4B ).
Discussion
The term DM describes a metabolic disorder of multiple etiologies characterized by chronic hyperglycemia with disturbances of carbohydrate, fat and protein metabolism resulting from defects in insulin secretion, insulin action, or both. Sustained hyperglycemia produces pathologic consequences by injuring many important organs, including the kidneys. In this study, we investigated the protective effects of Apn against kidney injury in T2DM mice. The results showed that the blood glucose levels in the Apn group were significantly lower than those in the model group, indicating that Apn has an obvious preventive effect against T2DM induced by the combination of a high-fat diet and STZ. Urinary albumin and urinary protein were significantly reduced in the Apn group compared with model group, indicating that Apn had a significant effect on the prevention of renal injury.
Many reports have shown that glycosylation of protein groups increases in type 1 and type 2 DM. The first change is the nonenzymatic addition of glucose to protein amino groups to form Amadori products. Amadori products are formed with albumin, hemoglobin, and lipoproteins (LDL). Amadori products of LDL increase the production of reactive oxidative species (ROS) in diabetic patients. Some antioxidant enzymatic actions of albumin are reduced in diabetes patients [21] , disrupting the dynamic balance between the production and clearance mechanisms of free radicals in the body. Oxidative stress damages the islet β-cells, leading to the apoptosis of those cells and thereby reducing the number of pancreatic β-cells [22] . At the same time, oxidative stress reduces the sensitivity of peripheral tissues to insulin and causes the body to develop insulin resistance. Antioxidants reduce the production of free radicals in the body or directly quench free radicals and enhance the body's antioxidant capacity. At present, there are many antioxidants that have been studied and applied in clinical practice, such as vitamin E, vitamin C, GSH and alpha-lipoic acid (LA), which interact with a network of antioxidant, regenerative, and recycling processes. In the present study, serum SOD and kidney homogenate slurry SOD activity levels were significantly increased, while serum MDA and kidney homogenate slurry MDA were significantly decreased in all three Apn groups, indicating that Apn can effectively prevent excessive oxidative stress in T2DM mice and enhance their antioxidant capacity compared with that of the model group. Apn also significantly decreased pancreatic β-cell injury and apoptosis and promoted their recovery, development and growth, which led to increase insulin secretion. These results showed that Apn gave T2DM mice a certain degree of increased resistance to excessive oxidative stress induced by a high-fat diet and STZ and enhanced their antioxidant capacity.
Oxidative stress significantly increases the levels of advanced glycosylation end products (AGEs), which interact with their receptor RAGE to promote the pathogenesis of renal injury by activating some signaling molecules such as MAPK, NF-κB and PKC [23, 24] . The PKC-β isoforms are major players in the pathological changes involved in the renal injury that accompanies DM [25] . Moreover, activation of RAGE leads to up-regulation of PKC-β and down-regulation PKA, thereby promoting renal injury [26, 27] (Fig. 5) . In this study, Apn reduced renal injury by inhibiting RACE and PKC and promoting PKC signaling.
In conclusion, Apn has protective effects against renal injury and can effectively enhance the antioxidant capacity and insulin secretion of T2DM mice by promoting PKC signaling and inhibiting PKA signaling. 
